Abstract: Marine birds are useful as bioindicators of environmental pollution in estuarine and marine environments because they are often at the top of the food chain, ubiquitous, and many are abundant and common, making collecting possible. Seabirds have the advantage of being large, wide-ranging, conspicuous, abundant, long-lived, easily observed, and important to people. Many species are at the top of the food chain where they bioaccumulate contaminants with age. One disadvantage is that many species are migratory, making it difficult to determine where exposure occurred. This can be eliminated by using sedentary species or young birds that obtain all their food from parents. Further, noninvasive collection of feathers can be used to assess heavy metal levels, both from current collections and from historical collections in museums dating back centuries. Marine birds can be used as bioindicators in many ways, including tissue levels of contaminants, epidemiological field studies of effects, and experimental and laboratory studies of dose and effects. Examples from our research indicate some of the ways marine birds can be useful as indicators and sentinels of contamination, particularly by using young birds and feathers.
INTRODUCTION
Increasingly, governments, managers, conservationists, and the general public are concerned about the health of the environment, and require indicators that assess status and trends. The use of chemicals is increasing daily in industries, farms, and homes. Aquatic environments are particularly vulnerable because of the rapid movement of contaminants in water, compared to movement in terrestrial environments. Levels of many of these chemicals are elevated in marine and coastal ecosystems because of the influx from rivers, as well as runoff and direct pollution (Furness and Rainbow, 1990) . While there are still threats from local point source polluters such as industries and sewage outfalls, there continue to be nonpoint sources of concern. Particularly with growing populations, energy demands, and industrialization, the threat from long-range atmospheric transport and deposition of certain substances is increasing as many chemicals, such as mercury, are transported to all regions, including the Arctic and the Antarctic (Houghton et al., 1992; Fitzgerald, 1989) .
In this article, we explore the use of marine birds as bioindicators and sentinels of the fate and effects of pollutants in our estuaries and oceans. We examine the advantages and disadvantages of using marine birds as sentinel species for both ecological and human health effects, applied methodologies, examples of marine birds as sentinels, and future research needs to improve their utilization.
Seabirds are useful as bioindicators of coastal and marine pollution (Hays and Risebrough, 1972; Gochfeld, 1980; Walsh, 1990; Peakall, 1992; Furness, 1993; Furness and Camphuysen, 1997) . Marine birds, defined as birds that spend a significant proportion of their life in coastal or marine environments, are exposed to a wide range of chemicals because most occupy higher trophic levels making them susceptible to bioaccumulation of pollutants. Since different families of seabirds, and different species within these families, have different life history strategies and cycles, behavior and physiology, diet, and habitat uses, their vulnerability varies (Burger and Gochfeld, 2001a) . Further, the relative proportion of time marine birds spend near shore, compared to pelagic environments, influences their exposure. As with other animals, susceptibility often varies with age, reproductive stage, and gender (Burger, 1993) .
The effects of pollutants on marine birds, as in other organisms, are the result of exposure, which can be acute or chronic. Acute exposure to a contaminant will have a different impact from chronic intake of small quantities, even when the same total dose is achieved. Means of exposure include inhalation, ingestion, dermal, and injection Gochfeld, 2000a, 2001a) . For marine birds, ingestion of food and water are the main routes of exposure.
The dose delivered to the target organ is a function of the pathway from source, environmental fate and transport, food chain bioaccumulation, contact, intake, bioavailability, absorption, metabolism, transport and excretion, and distribution within the body. Bioaccumulation refers to both the uptake of dissolved chemicals from water (=bioconcentration) and uptake from ingested food and sediment residues. A bioaccumulation factor is the ratio between the concentration in the organism and the concentration in the medium. Biomagnification is the increase in the concentration as one goes from a lower to a higher trophic level (Burger, 2002) . Each step in this process involves a bioaccumulation factor greater than one. All of these aspects require careful study and experimentation to determine the effect of a given pollutant on an organism.
The major groups of pollutants of concern are pesticides, chlorinated hydrocarbons, metals, and petroleum products (particularly polyaromatic hydrocarbons). Recently, attention has focused on a much wider range of industrial and agricultural compounds which may be bioactive, including those that interact with the endocrine system or have hormone-like effects (NRC, 1999) .
MARINE BIRDS AS SENTINELS
A few groups of animals dominate the contaminant literature, including crustaceans, fish, and birds, particularly raptors, waterfowl, and seabirds (Burger, 1993; Furness, 1993; Hoffman et al., 1996; Beyer et al., 1996) . Seabirds are advantageous as sentinel species because they are diurnal, large, wide-ranging, conspicuous, abundant, long-lived, easily observed and monitored, and are of interest to the public (Table 1) . Many species are at the top of the food chain where they can be exposed to relatively high levels of contaminants in their prey (Monteiro and Furness, 1995) . Since many species of seabirds return to the same nest and colony sites for years, contaminant loads of individuals can be studied over time (Burger, 1993) . Although some seabird populations are threatened or endangered through habitat loss, exploitation, overfishing, and other anthropogenic impacts (Croxall et al., 1984) , populations of most species are not threatened, and the collecting of limited individuals does not pose a conservation problem. Further, since marine birds often nest in mixed species colonies, there are usually one or two species whose populations are robust enough to allow collection, thereby serving as sentinels for the entire community.
Birds integrate contamination over time and space (Walsh, 1990; Burger, 1993) . Many seabirds travel over substantial distances to obtain food, thus sampling prey from different regions. The resultant levels in their tissues are an indication of contamination over that area. Seabirds are sentinels for local, regional, and global scales, and have proven particularly useful as bioindicators for contamination in the Great Lakes (Fox, 1976; Mineau et al., 1984; Weseloh et al., 1995; Pekarik and Weseloh, 1998) .
Sampling contaminants in vertebrate tissues, particularly seabird tissues, is often more cost-effective than sampling water, pore water, sediment, or invertebrates, because those samples represent only the small number of points. To sample a large bay or estuary using water or sediments, many points are required to obtain a picture of pollutant levels, with serial specimens needed to capture seasonal fluctuations. By sampling only a few individuals, however, it is possible to determine whether there is a problem throughout the bay. Seabirds can be easily mon-itored visually, as well as with other methods. Radiotelemetry and satellite tracking are increasingly popular. If a problem is identified, then more extensive sampling is required to determine whether it is from a point source, of from a nonpoint source.
Using seabirds to integrate contaminant information over space and time may represent a disadvantage because of their life histories. If high levels of any contaminant are discovered, then it is necessary to understand the life cycle, molt cycle, migratory routes, prey base, foraging range, and habitat of the particular species. Knowing contaminant loads in an adult seabird will not normally identify the exact location of point-source pollution; further sampling of other bioindicators is required. It is also important to understand the migratory behavior of seabirds before interpreting contaminant levels. Sedentary species reflect local levels of pollution and are ideal as sentinels, but migratory species require an understanding of how long they have been in the local area prior to sampling. Further, some of the species that might be of interest for conservation reasons may be sufficiently vulnerable, making collection difficult.
Using eggs or feathers of fledglings to monitor contaminant levels can ameliorate many of the disadvantages discussed above. Young birds that have not yet fledged have obtained all of their food from their parents who, in most cases, obtained it from the local area. Many terns, for example, fish within a few kilometers of the breeding site. On the contrary, some albatrosses and petrels regularly travel several 100 km to obtain their prey making interpretation more difficult (Fisher and Fisher, 1969; Weimerskirch, 1997) .
Finally, marine birds are useful as sentinels of the health of marine and coastal communities and ecosystems, including human exposure (Burger and Gochfeld, 2001b) . In selecting sentinel species, it is important to identify those that provide an early warning indicator to monitor both the effects on seabirds and consequences on marine communities and humans. Selecting sentinels that can be useful for both assessing ecological and human health has the advantage that people will be most interested and likely to continue funding such programs Gochfeld, 1996a, 2001b) . Sentinels most useful for providing early warning indicators are those that consume similar prey or those that can monitor health at several different levels of biological organization from individuals, populations, through communities, ecosystems, and landscapes (Burger and Gochfeld, 2001b) .
METHODOLOGIES APPLIED TO MARINE BIRDS AS SENTINELS
Information regarding environmental contaminants in seabirds can be collected by monitoring contaminant levels in individual seabirds of one population and conducting studies of effects of contaminants on individuals.
Sentinel Populations
Seabirds have often served as sentinels of environmental pollution. A classic example is dichloro-diphenyl-trichloroethane (DDT) pollution in the early 1960s when populations of some fish-eating birds sharply declined. There were severe population declines of brown pelicans (Pelecanus occidentalis) in Louisiana (Blus et al., 1979) , and of pelicans, double-breasted cormorants (Phalacrocorax phalacrocorax), and other species in southern California (Anderson and Gress, 1983; Risebrough, 1986 ). More recently, population declines and behavioral abnormalities have provided early warning of the potential harm from endocrine disruptors (Fry et al., 1987; Fox, 1992) . Bio- Gather food over large area-adults do not reflect point source Most species are migratory-difficult to know location of exposure Need to understand molt and migration patterns Some species are threatened or endangered-too few to collect monitoring of reproductive success can sometimes indicate populations that are in jeopardy, providing warning of impending population declines, as has happened with least terns (Sterna antillarum) in the New York bight . Further, these early warning systems of potential endocrine disruption in seabirds focused attention on potential effects on humans.
Tissue Concentrations
Since many of the contaminants discussed in this article are lipophylic and stored in tissues, tissue levels can be used as biomarkers of exposure and may provide information about possible effects on seabirds (Peakall, 1992; Nisbet, 1994) . Tissues usually collected for contaminant studies in seabirds include blood, liver, kidney, brain, and muscle. The utility of a tissue varies with the pollutant and with the research question. Blood, for example, reflects recent exposures for many substances. Liver has become a standard tissue for contaminant testing, particularly for organics. Muscle concentrations reflect risks for predators (particularly humans who eschew organs), and brain and kidney levels indicate impacts on the marine birds.
Although monitoring concentrations of contaminants in tissues is an important method of assessing potential harm of chemicals to the organisms and to their predators or scavengers, it is not always possible to collect them due to the threatened or endangered status of the species. In this case, noninvasive techniques can be used for some pollutants, such as feather collection for heavy metals.
Feathers are useful indicators of heavy metal contamination for a variety of reasons: birds sequester heavy metals in their feathers, the proportion of the body burden that is in feathers is relatively constant for each metal, and a relatively high proportion of the body burden of certain metals is stored in the feathers (Burger, 1993) . Monteiro et al. (1998) demonstrated that there is a high correlation between levels of mercury in the diet of seabirds and levels of mercury in their feathers; thus seabird feathers can be used as indicators of food-chain effects. Feathers in museum collections have proven particularly useful to examine changes in mercury levels over centuries (Berg et al., 1966; Walsh, 1990; Thompson et al., 1992) . Feathers can also provide a useful biomonitoring tool to assess general environmental conditions to which other organisms, including humans, are exposed (Burger and Gochfeld, 2001b) .
Effects Studies
One of the classic methods of study is to experimentally expose birds to chemicals in the laboratory, thereby determining the effects from a given dose (Eisler, 1987; Burger and Gochfeld, 1997a) . Often birds are given an acute dose by injection or gavage, or chronic dose through food or water. Behavioral, physiological, reproductive, and lethal effects are then recorded. Classic studies by Heinz (1979) were able to demonstrate intergenerational effects with lead. Clinical signs of lead poisoning have been demonstrated with these laboratory studies and include drooped wings, loss of appetite, lethargy, weakness, emaciation, tremors, green feces, and impaired locomotion, balance, and depth perception (Sileo and Fefer, 1987; Eisler, 1988; Gochfeld, 1994, 1997a) . Lowered reproductive success and survival were also observed (Heinz, 1979) .
One of the major difficulties with studies of the fate and effects of chemicals on marine birds (as well as other organisms) is the general failure to connect all aspects from dose to tissue concentrations and effects (Fig. 1) . More studies are required that examine dose to the organism, effects (behavioral, physiological, morphological, lethal) , and their concentrations in tissues (Burger and Gochfeld, 2001a) . Most research in this area only determines two of these three aspects.
EXAMPLES OF MARINE BIRDS AS SENTINELS
For over 20 years, our research program has been aimed at using seabirds as bioindicators of environmental pollution, mainly concentrating on heavy metals. Our work has included using feathers as indicators of exposure worldwide, feathers and other tissues as indicators of regional and local pollution, tissue levels as bioindicators of potential harm to other consumers, and effects studies in the laboratory and the field to establish the relationship between exposure, effect, and tissue levels. Below we provide examples.
Effects Studies
The levels of lead in birds in the New York Bight have been examined and subsequently used to determine the appropriate dose to examine the effects of lead on neurobehavioral development in the laboratory. These studies were aimed at determining whether there were neurobehavioral effects from the levels of lead that occur in nature, whether the effects found in the laboratory also existed in the wild, whether there was any recovery in either the field or the laboratory, and whether other metals caused similar effects. This is critical because there is abundant information on contaminants in the wild and on dose levels and effects from laboratory studies, but not on effects in laboratory studies that are associated with specific levels in tissues. Metal levels from seabirds in the wild are known, but the mechanisms of association with lethal or sublethal effects are poorly understood.
Feathers were collected from young common terns (Sterna hirundo) and herring gulls (Larus argentatus) at the time of fledging, and then young were dosed in the laboratory so that the amount of lead in the feathers equaled the levels found in feathers of young gulls in nature. This methodology assured that the study examined the effect of lead levels that young birds could obtain in nature Burger, 1995) . There is usually a significant correlation between concentrations of lead in feathers and those in internal tissues, including blood; therefore the concentration of lead in feathers is a good predictor of internal dose (Burger, 1993) . In the laboratory, a controlled dose was achieved by injecting lead intraperitoneally. Lead was administered from 2 to 12 days posthatching, depending upon the experiment Gochfeld, 1997a, 2000a) .
This research has shown that there are several sublethal neurobehavioral effects at lead levels that occur in nature (Burger, 1990; Burger and Gochfeld, 1997a) . Lead affects a wide range of behaviors, including locomotion, balance, begging, feeding, growth, and cognitive abilities, that in turn affect survival in nature. Effects vary depending upon dose and age of exposure (Burger and Gochfeld, 1995a,b) .
For example, recognition is more severely affected when chicks are exposed at 2-4 days, than when exposed at 12 days, not surprising since individual recognition has Figure 2 . Comparison of behavior for herring gull (Larus argentatus) chicks exposed to lead in the field and laboratory, with field controls (modified from Gochfeld, 1997a, 2001a) . developed by this age. Delayed recognition can be lethal in nature because once chicks begin to move away from their nests they can be attacked and killed by neighbors if they approach a gull other than their parent. Similar effects occur in the laboratory and the field, although the intensity may vary ( Fig. 2 ; . Without continued exposure, there is recovery of some behaviors (Burger and Gochfeld, 1995a,b) . Finally, parents have some mechanisms to partly ameliorate the adverse effects of lead (Burger and Gochfeld, 1996b) . Parents split the brood, and one parent fed the behaviorally impaired chick separately. The lead-exposed chick in each brood was less able to compete for food with its aggressive siblings, and, by feeding it separately, it allowed the chick to obtain enough food.
In the mid-1980s, lead poisoning due to ingestion of lead paint from buildings was reported for Laysan albatross (Diomedea immutabilis) chicks from Midway Atoll (Sileo and Fefer, 1987; Sileo et al., 1990) . Albatross chicks spend 5 months at the nest, where they eat nearby small objects, which can include paint chips (Whittow, 1993) . Some albatross chicks that hatched near buildings exhibited clinical signs that included drooping wings, weight loss, and death. Paint chips with up to 144,000 ppm lead were found in the proventriculus of affected chicks, and paint chips with up to 247,250 ppm lead and 101 ppm mercury Burger and Gochfeld, 1997a,b [and unpublished data] ).
were found at the buildings (Sileo and Fefer, 1987) . In 1997, Laysan albatross chicks were still dying from lead poisoning (Burger and Gochfeld, 2000b,c) .
The behavioral abnormalities demonstrated in the laboratory and the field with lead also occurred when chicks were exposed to chromium and manganese ( Fig. 3 ; Burger and Gochfeld, 1995c) . Although knowledge about these metals is limited, they have a significant potential for toxicity in seabirds. Similarly, tin, used in organotin compounds, is an important potential toxicant for seabirds; yet very little experimental work has been conducted, and there are even fewer field studies that report tin levels.
Tissue Level Studies

Lead
As part of a monitoring program to understand the global pattern of lead levels, researchers have been measuring lead in feathers since the 1970s. Using the effects level determined from laboratory studies (6500 ppb in feathers), it is possible to examine whether birds from particular regions have exposures that are associated with adverse effects (Fig. 4 ; after Burger and Gochfeld, 1997a) . In general, most birds examined do not have lead levels above the effects level but, in several populations, some individuals have levels higher than the effects level. Furthermore, data collected can be used to indicate whether lead exposure is increasing or decreasing. The data from 2000 from Barnegat Bay indicate lower lead levels than generally found in Long Island from the early 1990s (Burger and Gochfeld, 1997a) .
Mercury
Local levels of mercury in soil and water are a result of natural processes, local anthropogenic emissions, and global atmospheric transport. Natural sources of mercury from erosion, natural flooding, volcanism, and upwellings (Burger and Gochfeld, 2000c) , and the Azores (Monteiro et al., 1998) . Dashed line is the effects level.
are dwarfed by anthropogenic sources (WHO, 1990; Wren et al., 1995) . Mercury is present in elemental, inorganic, and organic forms. Methylmercury, the most toxic form, is the prime contaminant to which seabirds are exposed, because it is preferentially accumulated in tissues of fish and other prey (Nisbet, 1994) . Inorganic mercury can be converted into methylmercury by some organisms, particularly anaerobic bacteria, and higher organisms can both produce and demethylate methylmercury (Jensen and Jernelov, 1969) . Most studies measure only total mercury. However, in studies that analyze methyl and inorganic mercury separately, methylmercury makes up more than 90% of the total mercury in liver, kidney, muscle, and feathers of birds (Thompson and Furness, 1989b ; but see Thompson et al., 1991) . Some seabirds seem able to demethylate mercury and store inorganic mercury in the liver, but most of the mercury in feathers is methylmercury (Thompson and Furness, 1989a,b) .
Mercury levels of 5000 ppb in feathers are associated with adverse effects (Eisler, 1987) . The mercury concentrations in the adults of several seabird species are above the effect level (Fig. 5 , after Gochfeld, 2000c, 2001a) , while the sample of several fish-eating birds from Barnegat Bay is mostly below this level [Burger, unpublished data] . It is more difficult to interpret the levels found in adults (compared to young) because many species migrate from the breeding colony. Nonetheless, it is useful because species that might be particularly at risk can be identified. For example, in comparing adult seabirds from Midway, the Azores, and Barnegat Bay (Fig. 5) , it is clear that bonin petrel (Pterodroma hypoleuca) from Midway, and several species from the Azores are in the range suggesting further study. Remarkably, black skimmers (Rynchops niger) from Barnegat Bay are also in that range, and their populations are declining in the region (Burger, 2002) . Such comparisons are invaluable if we are to use seabirds as sentinels of ecosystem health because it provides ways to identify not only the species at risk, but the species that would be useful as bioindicators.
Cadmium
In addition to lead and mercury, cadmium is of concern for marine ecosystems (Fowler, 1990) . Anthropogenic sources include smelters, and the manufacturing and disposal of commercial products such as batteries, paints, and plastic stabilizers (Furness, 1996) . Moreover, agricultural applications of fertilizers can increase cadmium levels Figure 6 . Levels of cadmium in feathers of young and adult seabirds from Midway Atoll (after Burger and Gochfeld, 2000c) and young from Barnegat Bay [Burger, unpublished data] . Dashed line is the effects level. (McLaughlin et al., 1996) . Volcanic action is the major natural source of atmospheric cadmium. Other natural sources include ocean spray, forest fires, and releases of particles from terrestrial vegetation (Hutton, 1987) . Compared to other organisms, cadmium levels are often relatively high in marine organisms, including seabirds (Furness, 1996) .
Cadmium can also be examined by comparing levels found in feathers with those known to cause adverse effects in the laboratory (Fig. 6 , after Burger and Gochfeld, 2000c) . It is useful to compare young seabirds because they obtain all their cadmium either from the egg during development, or from parents, who in turn feed in the area around the colony. Albatross young on Midway Atoll and possibly some shearwater adults are the exceptions.
Comparative Approach
For some metals, there are no data that examine the doses that result in adverse effects, or that examine the tissue levels associated with these effects in each group of seabirds. Other than epidemiological studies that indicate adverse effects in a population that are associated with the presence of a given contaminant, there is little recourse to understand contaminant levels. Further, there is variation in tolerance levels within families of birds. Another method is to compare the levels found in an area of interest with those found from a series of studies in the group of birds of interest. Table 2 provides the median levels of mercury, cadmium, and lead found in different groups of seabirds. As is clear, some species generally have higher levels of mercury (e.g., albatrosses, petrels, skuas) than others (e.g., skimmers); similar differences occur for other metals. By comparing the levels in birds found in a local area with those generally reported for the species group, managers and conservationists can determine whether the levels they observe are within the normal range, or at the high end, and whether impacts on individual birds or populations should be anticipated.
FUTURE RESEARCH
The above examples indicate that seabirds have been used extensively as sentinels of environmental contamination. They serve as critical early warning indicators, providing information regarding environmental pollution levels and the effects of chemicals, linking laboratory and field studies. Ideally, we need examples in which effects are identified with tissue and dose levels (Fig. 1) . That is, we need examples in which the tissue levels associated with specific effects from different metals are known so that they can be used to predict potential effects from levels identified in tissues of wild populations. Then, routine monitoring programs of tissue levels, in some cases noninvasive (hair or feathers), can be used to establish trends and provide a warning before there is cause for alarm or the situation is nonreversible. This suggests a need for more extensive laboratory experimentation with a variety of contaminants to close the link from dose and effect to tissue levels. Moreover, these experiments should include intergenerational studies (e.g., Heinz, 1979) , sublethal effects (Burger and Gochfeld, 1997a) , and the use of nontraditional species. Many studies in the past were conducted with short-lived species that were easy to keep in the laboratory, and were often not at the top of the food chain. While it is easier to maintain such species in the laboratory, they do not provide an indication of the potential adverse effects on all components of the ecosystem. The adverse effects of DDT were not predicted partly because top-level predators were not examined.
There is also a need to develop noninvasive techniques for sampling for organochlorines, as is possible with metals (from feathers or hair). Another critical need is to design field experiments to ascertain the relationship between laboratory-induced effects and those that will occur in wild populations. Our studies with lead (Burger and Gochfeld, 2000a) provide such an example, but there are many other field experiments that are possible where the parents would continue to care for and feed the chicks natural foods. In some cases, parents could be provisioned with contaminated food of known concentration to feed young.
There is a need for laboratory studies with mixtures of chemicals. We may understand the effect of lead or mercury on development, but not of the combination. Likewise, we often examine the effect of polychlorinated biphenyls (PCBs) or another organochloride alone, but not in combination with a heavy metal. Early studies of contaminant levels in common terns with developmental defects demonstrated elevated levels of mercury (Gochfeld, 1971) and PCBs (Hays and Risebrough, 1972) , leading to the suggestion of a synergistic effect (Gochfeld, 1975 ). Yet these studies were not continued. Indeed, animals in the wild are in most cases exposed to mixtures. Whether such chemicals are additive, subtractive, or synergistic is generally unknown, although some metals have a protective effect on others (e.g., selenium on mercury; Ganther et al., 1972) .
Finally, there is a need to develop and refine marine birds (and guilds of seabirds) that can serve as sentinels of ecosystem health, and that provide early warning indicators for human exposure. By carefully selecting marine birds that forage on the same fish (and shellfish), and the same size fish, as people eat, it is possible to develop bioindicators for both ecological receptors and humans (Burger and Gochfeld, 2001b) .
Seabirds are useful as sentinel species of ecosystem health because they are often at the top of the food chain, are adapted to marine environments where they have been exposed to pollutants through natural exposure, are sometimes sufficiently common for experimentation, and are of interest to managers, conservationists, and the general public. They can be used to provide early warning of potential exposure for humans that live in the same ecosystems, and often eat the same foods.
